Purpose: Whole brain radiation therapy (WBRT) remains the standard of care for patients with multiple brain metastases, but more than half of treated patients will develop intracranial progression. Because there is no clear consensus on the optimal therapeutic approach, a prognostic index would be helpful to guide treatment options at progression. We explored whether the recursive partitioning analysis (RPA) score prior to repeat WBRT is predictive of survival. Methods and materials: This multi-institutional pooled analysis included patients with 2 or more brain metastases from any solid primary tumor that was treated with 2 courses of WBRT. Information on demographics, disease characteristics, and intervals between courses was collected. RPA class was abstracted or retrospectively assigned, and descriptive statistics calculated. Median survival (MS) was determined using the Kaplan-Meier method and compared using log rank tests. Univariate and multivariate analyses were performed via Cox regression analysis. Results: For 205 patients, the median age was 55 years (range, 25-83 years), 68% were female, 40.5% had non-small cell lung cancer, and 31.2% had small cell lung cancer. Prior to the second WBRT, 4.9% of patients were RPA class 1, 36.6% were RPA2, and 58.5% were RPA3, with an MS of 7.5 months (95% confidence interval [CI], 4.7-10.3), 5.2 months (95% CI, 3.7-6.7 months), and 2.9 months (95% CI, 2.2-2.9 months), respectively (P Z .001). On univariate and multivariate analyses, a Karnofsky Performance Status of <80, extracranial metastases, interval between courses <9 months, small cell lung cancer histology, and uncontrolled primary significantly correlated with shorter MS. By assigning a score of 1 to each of these factors, a new prognostic index was created, the reirradiation (ReRT) score. Survival on the basis of ReRT score grouping ranged from 2.2 to 7.2 months and demonstrated significant differences in MS.
Introduction
Brain metastases (BM) occur in approximately onequarter of patients with cancer. 1 They are more common in patients with lung and breast cancers and melanoma. [2] [3] [4] BM are associated with significant symptoms, including headache, weakness, cognitive disturbance, and seizures. If untreated, they result in a median survival (MS) of 1 to 2 months. 5, 6 The choice of treatment approach depends on patient factors (eg, age, performance status), tumor factors (eg, size, number of metastases, primary histology, and status of extracranial disease), and the availability of different therapeutic modalities. [7] [8] [9] Treatment options for BM have expanded in recent years from surgery and conventional external beam whole brain radiation therapy (WBRT) to include high-dose conformal treatment to 1 or more lesions, or a resection cavity, via stereotactic radiosurgery (SRS) or stereotactic fractionated radiation therapy. [9] [10] [11] Although the addition of an SRS boost after WBRT for patients with a single metastasis improved survival, local control, performance status, and steroid dependence in a pivotal phase 3 randomized trial for patients with 2-3 metastases, there was no survival advantage or impact on the rate of neurological death. 12 SRS alone for patients with 1 to 3 BM is an appealing choice, with recent randomized evidence that demonstrates no difference in MS between SRS or SRS and WBRT, in light of the detrimental neurocognitive effects at 3 months for patients who receive both modalities. 13 Although SRS is being actively explored, there are technical challenges for implementation in patients with multiple metastases, and it is considered investigational for those with >4 lesions. 14 Approximately 50% of patients with BM present with multiple metastases. 1, 15, 16 For this group, WBRT remains the standard of care, with a reported MS after treatment ranging from 2.3 to 7.1 months. 10, 16 Symptomatic improvement after WBRT occurs in 60% to 90% of cases 7, 15 with 1-year local control rates of approximately 70%. 8, 12, 17 However, intracranial progression after WBRT is common and has been reported as the cause of death in one-third to one-half of patients. [2] [3] [4] Radiologically uncontrolled BM are associated with symptom recurrence or progression, along with cognitive decline, with an average decrease of 6.3 points on the mini-mental status examination. 5, 6 Options for salvage at the time of progression after WBRT are limited, especially for those who progress in the form of multiple metastases. Improvements in neurologic signs or symptoms have been reported in up to 80% of patients after repeat WBRT. [7] [8] [9] Predicting which patients may benefit from reirradiation (ReRT) versus best supportive care (BSC) would guide treatment recommendations and discussions on the goals of care. Both the Radiation Therapy Oncology Group (RTOG) recursive partitioning analysis (RPA) and the graded prognostic assessment (GPA) are validated tools that can be used to predict survival at the time of initial BM presentation. The RPA is based on age, status of extracranial disease, and performance status, 10 whereas GPA includes primary histology. 18, 19 However, the use of these tools at the time of ReRT for in-brain recurrence or progression have been reported sparingly. 20, 21 In this study, we aimed to evaluate the factors that are associated with survival after a second course of WBRT for multiple BM, determine the utility of RPA in this setting, and design a specific index to predict survival after ReRT.
Methods and materials

Study design
A literature search (MEDLINE, to October 2013) was undertaken to identify all reported studies of repeat WBRT for patients with BM (Appendix). We identified 11 peer-reviewed publications that met the search criteria. Two groups agreed to provide individual patient data. Of Canadian centers with dedicated palliative radiation oncology clinics and routine prospective data collection strategies, data from 6 additional centers that treated patients between 2000 and 2010 were added to our own.
The eligibility criteria included patients >18 years old with any solid primary tumor who had received 2 courses of WBRT, both for the indication of multiple BM, defined as >2 lesions. Those undergoing prophylactic cranial radiation, SRS (boost or salvage), or partial cranial radiation therapy were excluded. Biopsy or resection (subtotal or gross total) of a dominant lesion was not an exclusion criterion.
Patient characteristics (age, sex, Karnofsky Performance Status [KPS]), radiation therapy dose and fractionation, and disease characteristics (primary histology, status of extracranial metastases, control of primary) were abstracted where available or determined retrospectively when possible. KPS was assigned retrospectively for 77.3% of patients at the time of first WBRT and prior to ReRT for 80.4%. KPS was converted from the Eastern Cooperative Oncology Group performance status for 33.3% of patients at the time of first WBRT and for 29.4% prior to ReRT. For the remainder, KPS was assigned retrospectively by 1 of 2 reviewers on the basis of documented oncologic history and physical examination. RTOG neurologic function score was determined retrospectively. An RTOG neurologic function score of 1 indicates absent/minimal neurologic findings, 2 indicates neurologic impairment that does not require nursing care, 3 reflects impairment that requires nursing care, and 4 indicates inability to communicate/comatose state. 15 The interval between courses was calculated from the date of the first fraction of the first course to the first fraction of the second course. RPA class as described by Gaspar et al 10 was assigned where possible for both the first and second course of WBRT. GPA as described by Sperduto et al 18, 19 could not be calculated for this cohort due missing data (eg, for primary breast and lung histologies) and due to the inclusion of primary histologies for which GPA does not exist presently (eg, carcinoma of unknown primary, ovary).
Institutional review board approval for data collection and sharing was obtained in accordance with the requirements of each center.
Statistical analysis
Summary statistics were calculated, including medians and ranges for continuous variables and frequencies and proportions for categorical variables. MS was analyzed from the first day of each course of WBRT to the date of death using the Kaplan Meier method with 95% confidence intervals. Log rank tests compared survival curves by RPA class and primary histology. Cox proportional hazard analysis described factors associated with survival. Factors that were significant at the P < .10 level on univariate analysis (UVA) were incorporated into multivariate analysis, with hazard ratios and 95% confidence intervals reported. The final multivariate model included factors that were significant at the P < .05 level, which were then used to construct a prognostic index (the ReRT score). A score of 1 was assigned to each variable for ease of clinical use. MS was determined for each ReRT score group (scores of 0-2, 3, or 4-5) using the Kaplan-Meier method and 
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The reirradiation score for brain metastases compared using the log rank test. UVA was also performed using a logistic binary regression analysis to explore factors associated with very short survival (30 days). A twosided P-value of <.05 was considered significant. All statistical analyses were conducted using IBM SPSS Statistics Version 15 (IBM Corp., Armonk, NY).
Results
Demographics and radiation therapy
Of 205 patients from 9 centers, the majority were female (68.3%) with non-small cell lung cancer (NSCLC) as the main histology (40.5%; Table 1 ). The median interval between courses was 9.1 months (range, 0.5-68.3 months). The median KPSs were 70 and 60, respectively. At the time of first WBRT, the RPA class was 1 for 14 patients, 2 for 105 patients, 3 for 73 patients, and not assignable for 13 patients. The most frequently used dose and fractionation schedule was 20 Gy in 5 fractions for both courses, with a total dose that ranged from 12 to 48 Gy for the first WBRT and 4 to 30.6 Gy for the second. Twenty-nine patients (14.1%) underwent surgical intervention (biopsy, subtotal or gross total resection) in the interval prior to ReRT.
The MS was 14.5 months (range, 3.0-85.0 months) measured from the first WBRT and 3.6 months (range, 0.2-45.0 months) starting from ReRT. There were significant differences depending on primary histology (Fig 1) . Patients with small cell lung cancer (SCLC) had a risk of death after repeat WBRT that was 2.5 times higher than those with breast cancer (MS: 2.6 vs 5.0 months; P < .001).
Application of the recursive partitioning analysis score at the time of reirradiation At the time of repeat WBRT, more than half of patients were RPA class 3 ( Table 1 ). The MS by RPA class that was calculated from the first day of ReRT demonstrated a significant difference when comparing class 1 and class 3 (7.5 vs 2.9 months; P Z .003; Fig 2) . On multivariate analysis, the presence of extracranial metastases, KPS <80 (the median value of the cohort), <9-month interval between courses (the median value), uncontrolled primary, and SCLC histology were independently associated with lower survival (Table 2) . Neither age nor RTOG score were predictive.
Reirradiation score
The aforementioned 5 factors were combined to generate a new prognostic scoring system, the ReRT score. For 156 of 205 patients for whom all data were available, 1 point was assigned for each of the following poor prognostic factors: SCLC; presence of extracranial 
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The reirradiation score for brain metastases metastases; KPS <80, interval between radiation therapy courses <9 months; and uncontrolled primary. The sum ranged from 0 to 5; however, no patients in this study scored 0. Of 156 patients, 54 (34.6%) scored 1-2, 54 (34.6%) scored 3, and 48 (30.8%) scored 4-5. Survival based on ReRT score as measured from the first day of ReRT demonstrated a significant difference between ReRT score groups. (P < .001; Fig 3) . When comparing classification by ReRT versus RPA score, 45 patients (28.8%) were categorized into a group with a higher expected survival, 34 (21.8%) had a lower expected survival, and the remainder had a similar survival regardless of the index used.
Very short survival
Twenty-eight patients (13.7%) survived 30 days or fewer (as measured from the first day of ReRT). None of the factors listed in Table 2 predicted very short survival (all P > .11 on UVA). For 20 of these 28 patients, the ReRT score could be calculated: 2.6% scored 2, 35.7% scored 3, and 32.1% scored 4-5.
Discussion
In this pooled analysis examining the applicability of RPA classifications to predict survival at the time of ReRT, there was a significant difference in MS between classes 1 and 3 (7.5 vs 2.9 months, respectively), but class 2 patients could not be distinguished from class 3 patients. The American College of Radiology advocates consideration of "patient characteristics and preferences, previous treatments employed, and potential risks and toxicities of treatment" to determine the optimal therapeutic approach in this clinical setting. 16 An adaptation of the RPA scoring system may thus be helpful to guide treatment selection in patients with intracranial progression after WBRT, especially as the incidence of BM continues to increase. 16 The results of the Quality of Life after Treatment for Brain Metastases (QUARTZ) trial, which randomized patients with NSCLC who were not eligible for SRS or surgery into cohorts of WBRT or BSC, revealed no difference between treatment arms. 22 However, the patients accrued to that particular clinical study were expected to have a poor prognosis at baseline and are therefore not likely generalizable to the cohort in this study. 23 Early reports of outcomes after repeat WBRT described survivals on the order of 8 weeks. 7, 15 Subsequent studies suggested an MS of 3 to 5 months, with some favorable symptomatic responses and minimal complications. 8, 17, 24 Recent reviews have indicated that ReRT may be beneficial in carefully selected patients with longer predicted survival. [25] [26] [27] [28] [29] The general principles remain that the goals of care, tolerance to prior course of radiation therapy, tumor biology, actionable mutations, and eligibility for clinical trial must also be integrated into the decision-making process when considering ReRT.
Similar to other studies (Table 3) , we found the following to be associated with shorter survival: extracranial metastases, 17 KPS, [26] [27] [28] [29] interval between courses, 26, 27 uncontrolled primary, 8, 28 and SCLC histology. 28 An RTOG neurologic function status score of >2 was found to be significant by other groups 24, 25 but not in the present study, which could be due to the retrospective nature by which it was assigned. Interestingly, lung histology (both NSCLC alone and combined SCLC and NSCLC) correlated with higher MS elsewhere. 29 In an attempt to more precisely estimate survival at the time of repeat WBRT, we developed the ReRT score. Patients with an ReRT score of 1 to 2 are likely to have as long a survival time as those with RPA class 1 at initial diagnosis of BM and should be considered for ReRT.
Patients with an ReRT score of 4 to 5 have an estimated survival of approximately 2 months, and BSC with hospice enrollment is likely to be more appropriate. For patients with an ReRT score of 3, the expected potential benefits versus risks of ReRT in relation to BSC should be discussed.
Comparing the ReRT score with the RPA, the presence of extracranial metastases and uncontrolled primary remained strongly predictive for both indices. KPS emerged with a modified cut-point (80) separating patients. Age was not a significant predictor for MS after ReRT; however, the interval to treatment was significant and may be a surrogate for the underlying biology of the disease and/or responsiveness to treatment.
WBRT within 30 days of death has recently been discussed in the setting of quality care indicators. 33 Patients with very short predicted survival are better suited to BSC than to radiation therapy, from which they are not likely to live long enough to benefit, especially in the case of protracted fractionation. However, we failed to find significant factors that were associated with very short survival.
Although this is the largest patient cohort reported, conclusions remain limited by retrospective calculation of 
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The reirradiation score for brain metastases the GPA, the proportion of patients for whom KPS was retrospectively assigned, and heterogeneous primary histologies. Prior to adoption into routine practice, prospective validation is required. Recently, the impact of biomarkers on prognostication for patients with BM from primary breast and NSCLC has led to modifications of the GPA. 34, 35 This information is not available within the current cohort, which may also be a limitation; however, in practice, these data may either be unavailable or rendered irrelevant once patients have progressed through all available lines of systemic therapy. Additionally, we were unable to abstract quality of life, steroid dependence, setting of care, and KPS after completion of repeat WBRT. Specific symptoms have been reported previously as correlating with prognosis 17,24,25,27 but could not be examined in this cohort. Although we attempted to collect information on toxicity, this was rarely available. Finally, this review did not include patients who received SRS. As more centers use SRS for salvage in patients with >4 metastases, future work should focus on the potential clinical utility of the ReRT score for this population.
Conclusions
In the largest reported cohort to receive repeat WBRT, application of the RPA score was not independently predictive of MS for all patients. The new ReRT score, based on histology, KPS, stability of the primary, interval between courses, and absence of extracranial metastases, is a simple tool that is based on readily available clinical information and has been shown to be predictive of survival after repeat WBRT in this pooled population. However, internal and external prospective validation is required to confirm robustness prior to routine clinical implementation.
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